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Monochromatic T Waves from Underwater Volcanoes in the Pacific Ocean:

Ringing Witnesses to Geyser Processes?

by Jacques Talandier and Emile A. Okal

Abstract We analyze swarms of exceptionally intense and sustained 7 waves
recorded during 1991 through 1994 at the Polynesian seismic array. The strongest
swarm lasted 15 months and originated southwest of the Eltanin fracture zone, in the
immediate vicinity of a documented seamount associated with a recognized volcanic
chain branching out of the local segment of the mid-oceanic ridge. The Eltanin T
waves are characterized by an exceptionally monochromatic spectrum featuring a
single line (of a few Hertz frequency) in the range 2 to 80 Hz. While no similar
characteristics had previously been observed in 25 yr of recording in Polynesia,
comparable spectra were recorded during a 1993 swarm at the Revilla Gigedo Islands,
following by 4 months a documented eruption of Socorro Island. In both cases, we
interpret the T waves as evidence of a major underwater volcanic process. The ex-
istence of a single resonating frequency, and in particular the absence of any over-
tones, 1s generally not compatible with the now classical models of the resonance of
a fluid-filled crack, and we speculate that the source of the phenomenon may be the
osciliation of a bubbly liquid, which could result from vaporization of seawater in

the presence of a large lava lake,

Intreduction and Background

The purpose of this article is to report on a series of
remarkable swarms of T-wave activity recorded in 1991 to
1993 at the Polynesian seismic array (Réseau Sismique Poly-
nésien; hereafter RSP) and believed to be manifestations of
otherwise unsuspected underwater volcanism. By far, the
most important swarm took place in the vicinity of the El-
tanin fracture zone and fasted 15 months. Another significant
swarm, lasting several weeks, took place near Socorro Island
in the northeastern Pacific. The most remarkable feature of
these swarms is their perfect monochromatism: their spec-
trum generally shows a single frequency {unmarred by har-
monic overtones) over the full range 2 to 80 Hz. This
characteristic sets the sources aside from any other volcano-
acoustic source previouslty recorded in Polynesia. We spec-
ulate that the source of these monochromatic T waves could
be the resonance of columns of bubbly liquids associated
with exceptionally intense hydrothermal activity during un-
derwater volcanic eruptions.

Ever since the 1952 eruption of Myojin was detected in
California by trans-Pacific 7" waves (Dietz and Sheehy,
1954}, the latter have been widely used to monitor the ac-

'Strictly speaking, a 7 wave can be recorded only at sea, using a hydro-
phone. Upon reaching shore, it is converted to a seismic wave, which can
be recorded by a land-based seismometer. For simplicity, we cali this 2
seisimic record of the 7 wave.

tivity of underwater volcanoes, and occasionally, to discover
unsuspected ones, e.g., Macdonald Seamount in 1967 (Nor-
ris and Johnson, 1969). In particular, RSP routinely records
activity generated throughout the Pacific basin (Talandier
and Okal, 1987; Talandier, 1989}. More recently, T waves
detected on military hydrophone arrays have identified the
onset of a burst of volcanic activity along the Juan de Fuca
ridge, motivating the dispatch of vessels and additional
ocean-bottom equipment for an exceptionally detailed in siru
lock at the process of ocean-floor spreading (Fox, 1995). In
this respect, the mere observation of T waves generated by
abyssal volcanism is not unique; we believe, however, that
the spectral characteristics of the sources described in the
present study are unigue.

The RSP network consists of several subarrays of short-
period seismometers deployed on various island chains in
French Polynesia. We refer the reader to Figure 1 for its
general layout and to Talandier and Kuster (1976), Talandier
and Okal (1979), and, more recently, Talandier (1993) for a
detailed description of the various channels used for routine
monitoring and recording. An important feature for the pres-
ent study is the availability of the analog “T-wave chanpel,”
which uses narrow band-rejection filters to eliminate seismic
noise due 1o sea swell and allows amplifications in the range
5 % 10° to 2 % 10° at 3 Hz, depending on the background
noise af the stations. Permanent monitoring of the T-wave
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Left: map of the Pacific ocean showing the location of sources described

in this study (solid circles) and T-wave receivers. The RSP is detailed at right. The circle
for the SOSUS receiver is a rendition of the low-grade estimate of its location, as given
by Fox er al. {1995). Right: map of French Polynesia showing the location of the RSP
subarrays. The individual stations are listed below the map. Additional stations have
been operated on a temporary basis on Tuamotu atolls.

channel on paper records can alert the seismologist to events
otherwise undetected from body waves. Independently, the
fuli original seismograms are digitized at 50 samples/sec and
recorded, with meaningful spectral information thus avail-
able for frequencies up to ~16 Hz.

Among the signals routinely recorded by RSP over the
past 4 yr, we earmark five strong T-wave swarms of partic-
ularly interesting characteristics: The Eltanin swarm (1991
to 1992} and the Socorro swarms (May and June 1993) fea-
tured remarkably monochromatic signals; in addition, the
eruption near Socorro Island on 19 January 1993 had a broad
spectrum more in accord with previously docamented vol-
canic eraptions; it was followed on 19 November 1993 by
a short-lived swarm featuring a relatively broad spectrum,
on which a strong spectral line was superimposed in the
viginity of 10 Hz. Finally, an additional puff of activity took
place on 20 November 1994, which, however, could not be
located. In the present report, we emphasize the Eltanin
swarm, because of its exceptional strength and duration,
which we iterpret as evidence of a sustained episode of
volcanic activity,

The Eltanin Swarm

The Eltanin acoustic swarm began on 10 March 1991,
and the last signals were received on 12 June 1992, During
that time, windows of intense or average activity alternated
with periods of quiescence (at least, as recorded by RSP),

which lasted as long as several weeks. Figure 2 provides a
history of activity of the swarm. The strongest activity took
place in March and August 1991,

The recordings presented in Figure 3 are remarkable in
many respects: first and foremost, the amplitude and dura-
tion of the T waves are unusually large. The spectrum of a
S-mn window recorded at Vaithoa (VAH; located on the
southern shore of Rangiroa atoll) and shown in Figure 4
exhibits prominently the strength of the signal: It towers
about 40 dB above the ambient noise, and the deconvolved
ground velocities reach 1.4 urm/sec peak to peak, enough to
fully saturate the analog (paper) records on the T-wave chan-
nel. Of course, the amplitude of a T wave at an individual
station is a compiex and poorly understood function of many
parameters (such as small-scale bathymetry) that control
the seismic-to-acoustic conversion at the source and the
acoustic-to-seisiic one at the receiver. Nevertheless, the
amplitudes achieved at all sites in Polynesia argue for a very
strong source. The signals are composed of wave packets of
strongly modulated, but usually well-sustained amplitude,
which can last anywhere from a few seconds to several min-
utes. This is in clear contrast to more classicat forms of
underwater volcanism (e.g., at Macdonald Volcano), where
surges of activity can occasionally reach amplitudes larger
than recorded here, but typically last only a few seconds,
and are separated by long episodes of “noise” af a consid-
erably reduced level (Talandier and Okat, 1987).

The records can be grossly classified into three groups:
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Figure 2.  History of activity of the Eltanin source, plotted as the duration of T-wave
activity recorded at RSP during 3-day windows,
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Figure 3.
continuous character of signal despite lack of comelation in waveform at the various
stations. Time windows have been offset to account for differences in travel times.

{1) short signals, lasting typically from a few seconds to
20 sec—these are usuaily perfectly monochromatic but oc-
casionally exhibit a slow decay of frequency toward the tail
of the signal; (2} intermediate signals, typically lasting on
the order of 40 sec; and (3) long-duration signals, which
extend typically over several minutes and occasionally up to
a half-hour (Fig. 3}. Although the amplitude of the signal
fluctuates, it remains considerably above noise level.

The most intriguing characteristic of the Eltanin T-wave
records is their spectral content, with the remarkable mono-
chromatism of the RSP records presented in Figure 5: Their
spectrum is composed of a single line, in the frequency range
2 to 15 Hz. As detailed on the sonogram in Figure 06, the

Minutes

Example of Eltanin T-wave swarm, recorded at eight stations of RSP. Note

value of the resonant frequency fluctuates slightly and er-
ratically with time. The amplitude of the fluctuation is on
the order of 10% and can be detected in time series shifted
by as little as 10 sec,

Attempts to model the shape of the spectral line around
its angular frequency wy with a resonance curve of the type
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have resulted in quality factors @ = w/2a on the order of
10 o 50.
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Figure 4, Spectral amplitude of ground velocity at

VAH for 5-mn window of T-wave signal on 24 Sep-
tember 1991. Note spectral line with ~40 dB signal/
noise ratio.

At the frequencies involved (10 Hz and below), esti-
mates of the anelastic attenuation in seawater (Thorp, 1965)
would suggest a loss of only about (.4 dB along the path to
Polynesia, and thus the width of the spectral line 1% entirely
controfled at the source, rather than on the path of propa-
gation, as is the case for traditional seismic waves. Such
relatively low values of O then suggest that the oscillator is
not stable for more than a few dozen periods, after which its
period adjusts itself (or, conceivably, it could be replaced by
another oscillator with a slightiy different pericad). This result
confirms the frequency shifts observed over time intervals
of 10 sec or more.

Figure 7 shows the variation of the frequency of the
spectral line for a 28-mn window as recorded at several Poly-
nesian stations. A remarkable correlation exists between the
fluctuation at the vartous stations, and this observation has
two consequences: First, it confirms that the {requency fluc-
tuation is a source, rather than a path or receiver, effect;

J. Talandier and E. A. Okal

second, if can be used to refine the differences in travel time
to the various stations, through a simple set of intercorrela-
tions of their time series.

Location

The source of the signals was then located by inverting
the differences in travel times to the various RSP stations,
using the seasonally adjusted LEVITUS database (Levitus ef
al, 1994).

The resulting epicenter for the Eltanin swarm is found
at 54° §, 140° W (Fig. 8), with the best epicentral value for
the most intense period of activity {24 September 1991) be-
ing 53.87° S, 140.07° W. An error ellipse was obtained by
a Monte Carlo method (Wysession ef al., 1991), consisting
of injecting random noise with Gaussian distribution and a
standard deviation ¢ = [ sec¢ into the travel times (the latter
value obtained from an estimate of the precision of time
picks) and then running the location algorithm using a large
number (500) of such altered datasets. The shape of the re-
sulting error ellipses clearly indicates an exceilent control on
the backazimuth from Polynesia but relatively poorer control
on distance. The variation in epicenter during the swarm
{ilfustrated in the case of three events on Fig. 8) is generally
insignificant given the error eflipses.

This location is approximately 150 km away (measured
along the direction of spreading} from the ridge segment
between the Eltanin and Udintsev transform faults. This gen-
eral area was until recently very poorly charted but exhibits
some intriguing bathymetry: As shown on Fig. 8, a seamount
(hereafter “location 57} is present in the SYNBAPS map at
53.5° 8, 140.3° W. It tops at 870 m b.s.l. on the SYNBAPS
map, which uses a3’ X 5’ grid, but original soundings from
the 1965 Eltanin cruise report a depth of only 260 m. Fur-
thermore, recent shipboard exploration of the area by Nat-
land et al. (1993) and {motivated by our detection of the
swarm) during a campaign of NO L’Aralante in early 1996,
has recognized a 450-km-long bathymetric feature, named
the Hollister ridge, and extending from location S to the mid-
oceanic ridge (MOR); a sounding of 135 m b.s.]. was ob-
tained by L’Atalante at $3.94° S, 139.95° W. In addition,
Seamount § was found {o be an integrated part of the Hol-
lister ridge, rather than a discrete bathymetric feature; sam-
ples dredged from tie area included fresh vesicular basalts
(L. GéH, personal comm., 1996).

While in principle, and given the shape of its error el-
lipse, the epicenter of the swarm could be located at other,
uncharted, seamounts, or could have an abyssal location, it
is extremely tempting to associate it with the Hollister ridge
and more precisely, with its northwestern extremity, mapped
as location S on Figure 8. At any rate, the epicenter is cer-
tainly located no more than 200 km from the center of the
Udintsev—Eltanin MOR segment.

That segment of the Antasctic—Pacific ridge is remark-
able in that it is one of only two, from Scott Island in the
south ail the way to the Galdpagos triple junction in the
north, showing up prominently in the geoid: Figure 9 shows
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a positive geoid anomaly reaching 1.35 m centered on 55° S,
138% W; the only other such anomaly (reaching only 0.95 m
amplitude) is located immediately north of the Eltanin sys-
tem (56° 5, 122° W), the rest of the ridge is perfectly com-
pensated, and its geoid signature is everywhere less than
25 cm. Thes geoid anomaly encompasses location S, and the
Hollister ridge appears prominently in Figure 9 as the linear
“finger” of geoid high pointing NNW from the MOR seg-
ment. This suggests that significant upwelling is present on
the MOR, with a probable magmatic system leaking away
into the Hollister Ridge, in a geometry reminiscent of the
observations of Batiza and Vanko (1984) and Shen et al
(1993) in the northeastern Pacific. This magmatic system
could also be related to the Louisville hotspot, even though
most kinematic models put its present location slightly north,
rather than south, of the Eltanin fracture zone system (e.g.,
Henderson, 1983),

The seismicity of this section of the Pacific—Antarctic
ridge system is presented in Figure 10. Careful relocation
was performed using the algorithm of Wysession ef al.
(1991) for all events initially located between longitudes
140.5° W and 135° W (the stippled band on Fig. 10). The
resulting epicenters (with uncertainties generally on the or-
der of a few tens of kilometers) show a significant seismic
gap between the southernmost segment of the Eltanin system
(offset about 25 km southwest of the Tharp fracture zone)
and the short transform segment at 56.5° S, just north of the
Udintsev fracture zone; note, incidentally, the anomalous fo-
cal mechanism (normal faulting on 17 September 1982) at
the extreme western end of the Eltanin system, which may
represent a local stress Geld.

In particular, an event listed by the NEIC on 11 July

at VAH on 25 March 1992, Note monochro-
matjc character of signal.

1960 exactly at location § (54° §, 140.5° W) results from
a flagrant typographical error; It relocates at 54.10° S,
140.63° E, along the George V fracture zone, south of Aus-
tralia, a location also given by the BCIS. In addition, an event
(22 May 1962) located at the center of the MOR segment
relocates in the Udintsev transform system. We conchede
that the source of the T-wave swarms is located in an area
of aseismic character, at least at the leve! of the teleseismic
detection threshold, estimated to be m, = 4.3 in that part of
the world.

Finally, it is worth noting that the soundings obtained
at Jocation § confirm our previous observation that a shallow
waier column at the source is required to generate magmatic
F waves from underwater volcanic edifices: In Talandier and
Okal (1987), we distinguished between “magmatic™ T
waves, featuring sustained amplitudes and believed {o orig-
inate from actual extrusive phenomena on the ocean floor,
and “seismic” T waves, generated by genuine earthquakes
resulting from the country rack failing under overpressure
during magma buildup. We went on to report that the ob-
servation of the former type required shallow water columns
al the source, with volcanoes located at greater water depths
remaining silent in this respect. We proposed a depth thresh-
old of 780 m, a figure quoted from Staudigel and Schminke
{1984), based on the maximum depth of recognition of ex-
plosive underwater volcanism, and emphasized that the en-
tire southern and eastern segments of the mid-Pacific rise
were silent for magmatic T waves, despite adequate detec-
tion capabilities at RSP for the past 25 vr. In the case of the
Eltanin T waves, our rule of thumb is upheld by the presence
atTocation § of a stracture topping at 135 mb.s.d., as reported
by L’Atalante, and which could be an efficient generator of
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T waves, especially since the SOFAR channel is believed to
be particularly shaltow (300 to 400 m}) at high southern lat-
itudes (Levitus et al.,, 1994).

Data from Other Sensors

In addition to RSP records, we obtained hydrophone rec-
ords from the SOSUS Pacific array (Fox et al., 1995) (see
Fig. 1}. These data were recently partially declassified by the
11.S. Navy and made available to the scientific community.
However, the precise location of the sensors remains clas-
sified, and therefore, the SOSUS data cannot be combined
with RSP data in order to improve on the epicentral location
of the swarm. A location obtained exclusively from SOSUS
data (52 °S, 140 W) was made available to us (C. Fox,
personal comm., 1994) and agrees well with the RSP-based
location in the general area of the Eltanin fracture zone.

The SOSUS dataset is of great importance to our study
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quency. The range between black (maximum
amplitude) and lightest gray (minimum ampli-
tude) corresponds to 50 dB.

i
1617 18

for two reasons: First, it provides the opportunity to check
the general characteristics of the spectra against those from
the RSP, thus eliminating the possibility that the monochro-
matic character of the source could be path rather than source
dependent; in addition, the hydrophone data, digitized at 250
samples/sec (128 samples/sec starting in 1993), allow the
systematic exploration of the spectrum up o ~=80 Hz (40
Hz starting in 1993},

The SOSUS record shown in Figure 11 was selected to
be offset about 8¢ mn from that in Figure 5, which should
account for the difference in travel time with the path to RSP
[based on the generally available low-grade estimate of the
position of the SOSUS receiver (Fox et al., 1995)], and thus
should represent energy generated at the source at the same
time for both arrays. This was confirmed by cross-correlat-
ing the frequency fluctuations in the Polynesian and SOSUS
datasets, The spectram (Fig. 12) is remarkably similar to that
obtained at RSP. Farthermore, the spectrum remains funda-
mentally devoid of energy all the way up to 80 Hz. This
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property was verified on many windows of SOSUS data and
is also underscored in the sonogram presented on Figure 11.
The source of the Ejtanin 7 waves can thus be described
as a nearly perfect harmonic oscitiator, featuring no observ-
able nonlinearity {(which would result in significant peaks at
the multiples of the fundamental frequency). This is a very
unusual property, especially when considering phenomena
with significant amplitudes sustained for extended periods
of time: For example, conventional seismic recording is well
known to be plagued by microseismic activity generated by
sea swell, around periods of 6 and 3 sec, which are promi-
nent overtones of the fundamental period of the swell (12
SeC).

The Socorro Swarms

We give here a brief description of the principal char-
acteristics of other T-wave swarms recorded since 1993:

¢ Socorro, January 1993. On 19 January 1993, an under-
water volcanic eruption took place in the immediate vicin-
ity of Socorro Island {18.79° N, 111.75° W). This eruption
was documented a few days later by aerial phenomena,
such as floating scoria blocks and sea effervescence en-
countered by boats a few kilometers off the coast of So-
corro {(McClelland et al., 1993). While T waves were re-
ceived by RSP, their recording was limited to stations
facing the northern and eastern shores of the islands, and
the duration of the swarm was limited to a few days. T
waves were also prominently recorded in Hawaii, and a
joint location using both RSP and Oahu receivers was ob-
tained at 18.75° N, 110.8° W (McCreery et al,, 1993}, a
few kilometers away from the island (open circle on Fig.
13}. Figure 13 shows as -+ signs Monte Carlo locations
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(o = 2 sec) computed using only Polynesian data (the
higher value of o used here is due to the lower signal
amplitudes and to the less favorable geometry of those
stations receiving Socorro T waves, as compared to El-
tanin; this results in locations being achieved with three
arrival times, as opposed to four). These locations are sig-
nificantly offset to the northeast. The Socorre swarm has
characteristics typical of previously observed volcanism in
the Pacific Basin: It consists of individual bursts of activ-
ity, lasting a few seconds, and with a relatively broad spec-
trum in the 3- to 10-Hz range; the swarm was also detected
by SOSUS, and its spectrum is described by Dziak ef al
{1996}

Socorre is an active island located at the intersection of
the Mathematicians ridge and the Clarion fracture zone, in
the Pacific plate, approximately 250 km southwest of the
active plate boundary. The Mathematicians ridge is a fossil
segment of the east Pacific rise deactivated about 3.5 Mya
(Mammerickx and Klitgord, 1982). The activity on So-
corro (and its three neighbors constituting the Revilla Gi-
gedo archipelago) probably emanates from the remnants
of the thermal anomaly associated with the fossil ridge. No
significant geoid anomaly is present in the Socorro area,
except immediately over the four islands (A. Cazenave,
personal comm,, 1995),

Socorro, May and June 1993, A new period of activity
was detected approximately 4 months later, lasting from
11 May to 3 June 1993, T waves from this swarm were
remarkably monochromatic but generally of lower ampli-
tude than those of the Eltanin swarm, and the duration of
the individual sequences was shorter, The locations
achieved from Polynesian data cannot be distinguished
from those obtained for the January [993 eruption (Fig.
13). The SOSUS records generally confirm the RSP obser-
vations in the 2- to 20-Hz range but exhibit a higher back-
ground level at higher frequencies.

North of Socorro, 19 November 1993, Additionally, a short
period of activity was detected at Socorro from 16 to 19
November 1993, with the strongest activity occurring on
the 19¢h; in general, the amplitudes were relatively small
and the duration of individual sequences short (on the or-
der of 30 sec). In this case, the spectrum consisted of a
strong spectral peak at 10 Hz, which was, however, su-
perimposed on & broad background.

Finally, a short puff of activity (lasting no more than 200
sec) was detected by stations of the Society (Tahiti) sub-
array on 20 November 1994, Although it featured mono-
chromatic waves, it could not be located in the absence of
records at other subarrays.

Discussion and Possible Interpretations

Henceforward, we restrict our study to the case of the

Eltanin swarm, given its longer duration and the overwhelm-
ing quality of its signals; we will occasionally recall that
similar characteristics were observed during the May and
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June 1993 episode at Socorre. In trying to interpret the origin
of the swarms as volcanic events, we must first discard other
possibilities. We keep in mind that we are motivated by the
exceptionally monochromatic character of the Eltanin T
waves, which had no counterparts among ali the volcanic
events located by RSP over a period of 25 yr; as such, any
interpretation, however tentative, must clearly rely upon a
significantly singular phenomenon.

Biological Owrigin? Cetaceans, principally whales, are
known to generate significant low-frequency acoustic sig-
nals into the SOFAR channel (Busnel and Dziedzic, 19635).
We belteve, however, that the present signals were not gen-
erated by whales for the following reasons: (1} their fre-
quency band (typically 3 to 12 Hz, with the great majority
around 7 to 8 Hz} is well below that characteristic of whales
(above 15 Hz); (2) the remarkably monochromatic character
of our signals differs from whale-generated T waves, whose
frequency evolves with time more rapidly than observed
here, thus making probable the exchange of information be-
tween animals; (3) any biological signal would be expected
to have a seasonal character, reflecting the migratory patterns
of the species in question, as well as its annual biorhythin,
probably related to reproductive cycles; on the contrary, the
Eltanin swarm lasted 15 months, spanning an entire seasonal

136

March event was located using only three re-
cetving slations, as opposed to four for the
other two events.

cycle, including two southern autumns; (4) similarly, bio-
fogical activity would be expected to recur more or less reg-
ularly on a yearly basis, due to the annual migration of the
species; no signals similar to the Eltanin T waves were ever
observed before 1991, even though the detection capabilities
of the RSP were basically unchanged since 1967. We con-
clude that the monochromatic T waves recorded by the RSP
do not have a biological origin.

Artificial {Human) Origin?  We must similarly evaluate the
possibility of a human origin to our signals, which might be
suggested by two of their characteristics: their near perfect
monochromatism and their isolated occurrence in 1991 and
1992. However, we regard this hypothesis.as extremely un-
likely for the following reasons: (1) The combination of low
frequencies, high energy levels, slight fluctuations in fre-
quency, and the 15-month duration of the experiment are ali
in sharp contrast with the procedures used in known exper-
iments in ocean acoustics, ¢.g., the Heard project (Baggeroer
and Munk, 1992}, which uses higher frequencies (52 to
61 Hz) that are not only easier to generate but also better
channeled by SOFAR, as well as sources with comparatively
jower amplitudes and perfectly defined frequencies. (2) The
duration of the Eltanin swarm would require the stationing
of a ship at the source of the acoustic signals for an extended
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Figure 9. Map of the ERS-1 geoid (filtered for wavelengths A = 3000 km) over
the Eltanin transform system. Heights (in meters) given by vertical bar. Note significant
bulge on the MOR segment between the Eltanin and Udintsev transforms and signature
of Hollister ridge extending from MOR to Seamount § (Geoid data courtesy of A,

Cazenave).

period of time (notwithstanding the generaily inhospitable
character of the climate in those Southern latitudes), which
was not detected by surveiliance satellites during the rele-
vant time window (French Navy, personal comm. to JT,
1993). (3} Similar phenomena were recorded in 1993 from
Socorro Island, where the prolonged stationing of a vessel
would undoubtediy have been documented.

In view of (1) the striking correlation of the epicenter
of the Eltanin swarm with the bathymetric high at location
§ and (2) the temporal correlation of the SocorTo swarm with
a volcanic eruption documented in the same area just a few
weeks earlier, we conclude that the monochromatic T waves
recorded by RSP were in both instances generated by un-
derwater volcanism, the latter being taken in the broadest
possible sense, including possible magmatic eruptions as
well as hydrothermal activity.

Comparison with 7 Waves trom Other
Volcanoseismic Sources

Figure 14 documents examples of T waves received by
RSP during several phases of eruption of Macdonald Sea-
mount, as well as from an underwater site in the northern
Marianas. When compared to the present episode at Eleanin,
the difference in spectra is obvious. Even in the sustained,
magmaric episodes at Macdonald, where the spectrum is rel-
atively simple (Fig. 141), the spectral peak never exhibits a
parity comparable to its counterpart at Eltanin; the explosive

events have a rich, nearly white, spectrum (Fig. 14a), Sim-
ilarly, the Eltanin spectra differ fundamentally from those
recorded during the eruption of the CoAxial segment of the
Juan de Fuca ridge in June 1993 {see Fig. 2 of Schreiner et
al. (1995}] or during the Blanco Transform swarm of 1994
(Dziak er al., 1996), The source of the former was indeed
described as individual earthquakes triggered in the country
rock by the eruption, as opposed to being a direct magmatic
process. The latter were characterized by a much broader
spectrum covering the 2- to 25-Hz range.

Similarly, well-documented examples of volcanic
tremor from subaerial volcanoes—recorded, for example,
during so-called long-period volcanic earthquakes ar Ki-
lauea, Hawaii—have spectra most often dominated by a
strong line (hence the expression “harmonic tremor’™) but
containing, nevertheless, significant overtone energy [see
Fig. 45.33 of Chouet et al. (1987) for Kilauea or Fig. 12 of
Ferrazzini and Ak: (1992) for Pu'u O’o}. The challenging
nature of the Eltanin spectra resides in the complete absence
of avertone energy. To our knowledge, the only comparable
reports of monochromatism of approaching quality during a
volcanic event are given at La Fossa (Valcano, Ialy) by
Montalto (1994) (see his Figs. 3a and 7b), which he attrih-
utes to the resonance of fumarolic ducts, an idea first pro-
posed by Anderson (1978), and at Merapi by Schick (1992},
which he attributes to degassing processes in the magma. La
Fossa’s resonance is, however, at higher frequency (12 Hz),
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damentaily aseismic,

and modest overtones are indeed present in its spectrum;
Merapt's is at much lower frequencies (1.4 Hz), and signif-
icant peaks are present at much shorter periods.

Theoretical Models

Seismic signals emanating from active volcanoes have
been the subject of intense study ever since the dawn of
instrumental seismology (e.g., Omori, 1912). More recently,
Sassa {1935) and Minakami (1974) presented detailed clas-
sifications of the various kinds of volcanic earthquakes. Fol-
lowing the pioneering study by Aki ef af. (1977), an exten-
sive literature exists on the subject of theoretical models of
the origin of volcanic tremor; we refer to Chouet (1996) for
a comprehensive review of such efforts over the past 20 yr.
Signals exhibiting or approaching a character of monochro-
matism have generally been ascribed to the resonance of a
finid-filled cavity or crack, under the effect of a pressure
fransient acting upon a part of its wall.

In an alternative model, Leet {1988} has proposed that
the tremor energy could be generated by hydrothermal boil-

ing within geyser conduits, an idea supported by Kieffer’s
(1984) comelation of seismicily and geyser activity at Yel-
lowstone. Using a different approach, Julian (1994) has re-
cently proposed to model tremor as a nonlinear vibration
produced by fluid flow in an irregular channel feeding
magma through country rock; for an adequate range of the
driving pressure of the magma, the resulting spectrum is
composed of a sharp peak and its harmonics. However, as
already emphasized in the course of the present article, the
signals modeled rarely achieve the degree of purity of the
Eltanin spectra, expressed both by their relatively high value
of @ =~ 20 10 50 [as compared with @ = 5 to 10, as reported
by Aki et al (1977)] and the total absence of overtones.
These two observations will guide our discussion of the pos-
sible nature of the source of the Eltanin swarm.

Ag detailed by Chouet (1992), the fluid-filled crack
model can explain the radiation of predominantly mono-
chromatic seismic waves, with the resonance frequency be-
ing a complex function of the geometry of the cavity and of
the mechanical properties of the two media (inside and out-
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side the crack}, controlled by two dimensionless quantities,
the stiffness of the crack, and the impedance contrast at its
boundary. Both of these parameters depend critically on the
velocity of sound in the fluid filling the crack, which, in turn,
can be strongly affected by the presence of impurities, most
notably gas bubbles. As a result, “resonance at a fong period
may be possible in a short crack™ (Chouet, 1996), and, in-
deed, Chouet er al. (1994) were able to model the spectra of
tremors preceding the 1989 eruption of Redoubt Volcano in
the 1- to 5-Hz frequency band by considering cracks with
physical properties (inctuding linear dimensions) generally
consistent with the concept of intermittent choked flow of
magma (Morrissey, 19943,

The Question of the Quality Factor

Regarding the relatively high-quality factor of the spec-
tral lines at Bltanin, we further note that Chouet’s (1992)

corded on hydrophones of SOSUS array 1. Note
that the resonating signal ceases 4 mn into the
window.

model predicts a strong increase in @ with impadance con-
trast, which, in turn, argues for the presence of bubbles in
the resonator, since they can drastically reduce a liquid’s
bulk modulus, even In minute concentrations (Kieffer,
1877). While no precise discussion is given of the quality
factors of the spectral peaks in Julian's {1994) model, the
large number of parameters in the model would probably
allow the proper modeling of a quality factor in the range
chserved at Eltanin.

The Question of the Absence of Qvertones

As compared to the Elianin swarm, we note that most
other spectra from volcanic leng-period events or tremor
{e.g., the 1989 Redoubt events mentioned above) are far
from being truly monochrematic; they are generally and ex-
pectedly characterized by several resonance frequencies, in-
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cluding a more or less prominent fundamental mode. and by
a family of overtones.

In Chouet’s (1992) model, the relative amplitude of
these modes is controlled by the specific excitation condi-
tions, described as the location and duration of the pressure
transient on the surface of the crack. While it is in principle
possible o essentially eradicate the overtones from the spec-
ra through an appropriate positioning of the source on the
wall of the crack (B.A. Chouet, personal comm., 1995), this
situation should remhain to a Jarge extent fortuitous, and i is
difficult to propose that it would be repeated consistenily, in
view of the short- and long-term fluctuations in frequency
of the Eltanin 7" waves, which indicate a continuous evolu-
tion in the parameters of the resonating crack at the source.

In hulian’s (1994) model, the oscillation derives from
the instability of the nonlinear system, which also results in
period doubling, and thus, it is difficuit to envision the dis-
appearance of the overtones, although the latter are expected
to be of somewhat reduced amplitude. Leet (1988) predicts
the excifation of overtones but does not discuss their relative
contributions to the spectrum.

J. Fatandier and E. A. Okal

In the gas-filled crack model of Anderson (1978), the
periadicity of the fremor is a direct expression of the step-
wise nature of the opening of the crack, which proceeds in
a series of regular, assumably periodic increments. Under
those conditions, the absence of overtones may be better
explained, but the jerky nature of the development of the
crack, which consists of individual ruptures (microearth-
quakes?) reguiarly spaced in time, should lead to significant
power in the spectrum at higher frequencies, which is not
observed in the SOSUS data (Fig. 12).

Apother source of harmonic seismic energy described
in the literature is the resopance of bodies (either columns
or clouds) of bubbly Hquids. In the case of volcanic edifices,
the candidaie bubbly fluids couid be either magima or water.
We refer to the works of Van Wiingaarden (1972} and more
recently Lu er al {1990) for a general description of the
generation of sound by collective oscillations of gas bubbles
in a liquid. Their main result, confirmed in laboratory ex-
periments (Lu er wl, 1990; Yoon et al., 1991), is that even
minute fractions (less than 1% in volume) of gas can affect
censiderably the sound speed in the liquid, so that a bubble
cloud (or an ascending jet of bubbly water) can exhibit a
strong impedance contrast with the [pure] liquid matrix and
resonate in a pattern very siratlar to that of a fluid-filled crack
in a solid matrix. Laboratory experiments confirmed that res-
onance in the seismic band (say, at a few Hertz} could be
explained by physical parameters (volume density of bub-
bies, size of cloud, eic.) adequate for a volcanic process
(Chouet, 1996), in the case of both basalt or water.

As compared with the simple oscillation of a fluid-filled
crack, a significant difference arises in bubbly liquids re-
garding the intrinsic attenuation of the oscillation in the res-
onating body, in which heat transfer becomes prominent at
relatively low acoustic frequencies (Commander and Pros-
peretti, 1989); as a result, the acoustic wave may be atten-
vated significantly within the dimensions of the cloud, pre-
venting it from being transmitted away from the source
region at frequencies greater than approximately 10 Hz
(Chouet, 1996). Such 2 mechanism, which basically acts as
a low-pass filter at the source, could explain the systematic
damping of the overtones and their absence from the tele-
seismic spectra, regardless of the exact value of the fluctu-
ating resenance frequency. I we speculate that the cutoff
frequency for eradication of the overtones by this process
could be as high as 13 Hz and that, in all cases, the first
overtone would have a frequency greater than that threshold,
a resonating bubbly column of liguid could be an attractive
model of our observations.

The liquid could be basalt, either in a.duct or a magma
chamber, and the gas bubbles could contain steam; at loca~
tion 5, the water depths to the volcanic edifice would not be
prohibitive in this respect. An aiternative model would be
that of a resonating jet of venting bubbly water within the
oceanic column itself, which would obviousiy result in an
extremely efficient excitation of the water column and thus
in T waves of very strong amplitfudes.
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In conclusion, it is of interest to note that both Montalto
(1994} and Shick (1992} do require a gaseous phase (re-
spectively, fumarcles and bubbles) to model the only other
observations (to our knowledge} of T waves approaching the
monochromatic character of the data described here,

Volcanological Speculations

Because of the fundamentally hidden nature of under-
water volcanism, and especially in the case of the remote
Eltanin site, we can only offer speculations as to the precise
nature of our acoustic sources. An intriguing aspect of our
observations is that monochromatic T waves have been ob-
served only from two volcanic sites in the Pacific basin: the
Eltanin site and Socorro. In seeking an explanation for such
exceptional occurrences, it is interesting to note that both
locations do indeed feature unusual characteristics for mid-
oceanic ridge volcanoes:

» Regarding the Eltanin site, it sits at an exceptional location
along the Pacific Ridge, both in terms of bathymetry (only
135 m b.s.l) and geoid signature (the ridge being other-
wise compensated), with probable leakage away from the
MOR as expressed by the Hollister Ridge. Preliminary pet-
rological results show a high degree of variability in major
element composition (Natland et al., 1993) along the Hol-
lister ridge. Dredging in the immediate vicinity (=11 km)
of our best epicenter has produced samples of fresh vesic-
ular basalts, indicative of significant degassing (L. Géli,
personal comm., 1996, which, in turn, would support the
development of abundant clouds of gas bubbles. However,
this process is relatively common, and this model fails to
explain the absence of monochromatic T waves at other
shaliow submarine volcanic sites, where hydrothermal ac-
tivity was documented or occasionally witnessed {Talan-
dier er al., 1988). Another possibility would be to simply
assign the origin of our acoustic energy to hydrothermal
activity, i.e., to the fountaining of “smokers™; however,
these phenomena are ubiquitous on the MOR system and
at other submarine volcanoes (Bougault er al, 1993),
which again fails to explain the singular character of our
observations. Our preferred (but strongly speculative) sce-
naric would envision the entrapment of seawater below a
cooling lava lake of large dimensions (Juteau, 1993), in
the general frameworlk of Francheteau et al.’s (1979) ob-
servation of forests of hasaltic pillars on the EPR at 21° N.
The water would become vaporized at the ambient high
temperatures {due to the presence of the lake) and low
pressures (due to shallow water depths) and could then jet
through the lake’s surface in a series of geysers. This
mode] would have the advantage of explaining the dura-
tion of the swarm {a lava lake can subsist for several years
at the Earth’s surface).

Regarding Socorro, in addition to its position on the ex-
tinct Mathematician Ridge that does constitute an anomaly
in itself, petrological studies (Bryan, 1966; Carballido-
Sanchez 1994) have shown the presence of pyroclastic
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flows of peralkaline composition, generally not associated
with the basaltic lavas characteristic of mid-oceanic pro-
cesses. Among the models discussed to explain water de-
pletion in the peralkaline domes and pyroclastic flows of
Socorre, Carballido-Sanchez (1994) has suggested exso-
lution of a water-rich vapor phase during pyroclastic flow
eruptions; such a process could be expected to result in
significant generation of vapor bubbles, and we speculate
that it could be the source of the monochromatic energy
radiated info the ocean column.

Conclusions

1. We believe that a major eruptive process took place
from March 1991 to June 1992 in the immediate vicinity
(200 km at most) of the mid-oceanic ridge segment between
the Eltanin and Udintsev fracture zone systems. Although
deprived of earthguakes above the teleseismic threshold, this
area is characterized by the largest bulge on the geoid along
the east Pacific rise (EPR} and Pacific—Antarctic rise, sug-
gesting that major upwelling takes place in the area. The
presence of the Hollister ridge suggests the existence of a
large volcanic province either leaked away from the MOR
or possibly connected to the nearby Louisviile hotspot.

2. T waves from this eruption exhibit an exceptionally
monochromatic character with a single spectral line present
in the frequency range 2 to 80 Hz. The resonance frequency
does vary—from 4 1o 12 Hz over the lifetime of the swarm-—
and can fluctuate typically 10% or a little under 1 Hz during
episedes of activify as short as 10 to 20 sec. Very similar
characteristics were recorded during a swarm at Revilla Gi-
gedo Islands, which followed by 4 months an episode of
documented volcanic eruption in the immediate vicinity of
Socorro Island.

3. The most intriguing aspect of our observations is the
absence of secondary peaks in the spectra, in particular when
contrasted with the cbservation of many other voleanic
sources during 23 yr of systematic monitoring in the Pacific
basin. While it is possible to fine tune the model of a fluid-
filled crack m a solid matrix, in order to minimize the ex-
citation of overtones {through an adequate geometry of the
pressure transient on its surface), we believe it unlikely that
this situation could be regularly and consistently prevalent
in the real world, in view of the significant variations in the
crack geometry required by the observed fluctuations in fre-
quency. We prefer the model of the osciilation of a bubbly
liguid, in which enhanced attenuation through heat transfer
at higher frequencies can essentially wipe overtones out of
the spectrum, irrespective of the geometrical details of the
osciliator. The origin of the gaseous phase could be the va-
porization of seawater trapped under an active lava lake,

4. The duration—15 months—and level of sustained
activity at the Eltanin location argue for a presumably very
significant eruption in 1991 and 1992 at this infriguing site.
The fresh basaits dredged by L Azalante would support this
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interpretation. We believe that further systematic shipboard
and underwater exploration of the site is warranted.
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